Most of the existing height systems refer to local sea surface levels, are stationary (do not consider variations in time), and realise different physical height types (orthometric, normal, normal-orthometric, etc.). In general, their accuracy is about two orders of magnitude less than that of the realisation of geometric reference systems (sub millimetre level). The Global Geodetic Observing System (GGOS) of the International Association of Geodesy (IAG), taking care of providing a precise geodetic infrastructure for monitoring the system Earth, promotes the standardisation of height systems worldwide. The main objectives are: (1) to provide a reliable frame for consistent analysis and modelling of global phenomena and processes affecting the Earth's gravity eld and the Earth's surface geometry; and (2) to support the precise combination of physical and geometric heights in order to exploit at a maximum the advantages of satellite geodesy (e.g. combination of satellite positioning and gravity eld models for worldwide uni ed precise height determination). According to this, the GGOS Theme 1 "Uni ed Height System" was established in February 2010 with the purpose to bring together existing initiatives and to address the activities to be faced. Starting point are the results delivered by the IAG Inter-Commission Project 1.2 "Vertical Reference Frames" during the period 2003-2011. The present actions related to the vertical datum homogenisation are being coordinated by the working group "Vertical Datum Standardisation", which directly depends on the GGOS Theme 1 and is supported by the IAG Commissions 1 (Reference Frames) and 2 (Gravity Field), as well as by the International Gravity Field Service (IGFS). This paper discusses some aspects to take into consideration for the realisation of a standardised globally uni ed vertical reference system. 
Introduction
Studying, understanding and modelling global change requires geodetic reference frames with (1) an order of accuracy higher than the magnitude of the effects we want to study, (2) consistency and reliability worldwide (the same accuracy everywhere), and (3) a long-term stability (the same order of accuracy at any time). The de nition, realisation, maintenance, and wideutilisation of the International Terrestrial Reference System * E-mail: sanchez@dgfi.badw.de (ITRS, Petit and Luzum 2010) guarantee a globally uni ed geometric reference frame with reliability at the mm-level. An equivalent high-precise physical reference frame is missing. The existing physical height systems and all the geodetic data depending on their realisation (e.g. gravity anomalies, geoid estimations, digital terrain models, etc.) are usable in limited geographical areas only and their combination at regional or global levels presents discrepancies with magnitudes very much higher than the accuracy required today. They do not provide a reliable frame for consistent analysis and modelling of global phenomena related to the Earth's gravity eld (e.g. sea level variations from local to global scales, redistribution of masses in oceans, continents and the Earth's interior, etc.), and they are not able to support the precise combination of phys- 
Characteristic
Drawback The reference level (zero-height surface) is realised by the mean sea level measured at individual tide gauges and averaged during different time periods.
(1) There are so many reference levels (vertical datums) as reference tide gauges and (2) they are related to different reference epochs.
The dynamical ocean topography at the local reference tide gauges has not been taken into account.
(1) Equipotential surfaces passing through the different reference tide gauges realise different (local) geoids, which are lying very close to sea surface (< ∼2 m) and are practically parallel to each other; but no one coincides with a global geoid. (2) Relationship between local geoids and between them and the global one are unknown. The vertical control has basically been extended by means of spirit levelling during many years and possible vertical displacements have not been taken into account.
(1) Vertical networks have been adjusted piece-wisely, (2) systematic errors significantly growth with the distance from reference tide gauge, and (3) vertical coordinates refer to different epochs.
Different gravity reductions (sometimes no reduction) have been applied to the measured level differences.
(1) Vertical coordinates realise different physical height types (orthometric, normal, normal-orthometric, etc.) and (2) the corresponding reference surfaces do not coincide with a proper geoid or quasi-geoid. (3) These surfaces are height-dependent. Heights at the border between datum zones present discrepancies at the m-level.
(1) Reference levels and vertical coordinates are usable only in limited geographical areas; (2) their combination at regional or global level is unsuitable. ical and geometric heights (i.e. combination of satellite positioning with gravity eld models) for worldwide uni ed precise height determination. Table 1 summarises the main drawbacks of the existing height systems. During the last four decades, the uni cation of the existing local height systems in a global one has been intensively discussed. Even though different names have been used for this theme, e.g. world height system (Rapp and Balasubramania 1992) , global or world vertical datum (Rapp 1983a , Balasubramania 1994 , Rapp 1995a , global vertical network (Colombo 1980) , global height datum unification (Ardalan and Saffari 2005) , global unification of height systems (Rummel 2001) , height or vertical datum problem (Heck and Rummel 1990 , Sacerdote and Sansò 2001 , Sacerdote and Sansò 2004 , vertical datum connection (Xu and Rummel 1991, van Onselen 1997) , global unified height reference system (Ihde and Sánchez 2005 , Sánchez 2007 , Kutterer et al. 2012 , etc., the objective is al- Figure 1 . Height datum discrepancies. ways the same: to refer all existing physical heights (or geopotential numbers) to one and the same reference surface, which must be realised with high precision globally. The fundamental quantities of interest are the geopotential differences (δW
called also height datum discrepancies or vertical datum parameters, Fig. 1 ) between a conventional global reference level (W 0 ) and the equipotential surface (W i 0 ) realised by the mean sea level estimated at each local tide gauge (i.e. Heck and Rummel 1990 , Rapp 1994 , Rummel and Teunissen 1988 , Sánchez 2007 . 
see, for instance, Hirt et al. 2011 , Kotsakis et al. 2012 , Tenzer et al. 2011 , Pan and Sjöberg 1998 . However, the combination of these variables "as they are" partially re ects the inconsistencies included in the determination of the different height types (Table 2), misrepresenting the "best possible" values of the wanted level discrepancies δW i 0 . This misrepresentation limits the reliability of the global vertical reference system realisation to the dmlevel, being insufficient to support geodetic activities of high precision. In this context, the establishment of a precise global gravity eld-related vertical reference system is still an unresolved problem. The Global Geodetic Observing System (GGOS) of the International Association of Geodesy (IAG), taking care of providing a precise geodetic infrastructure for monitoring the System Earth (Plag and Pearlman 2009) , promotes the standardisation of height systems worldwide. With the purpose to bring together existing initiatives and to address the activities to be faced, the GGOS Theme ). These CVRS describe the fundamental aspects to be taken into consideration for the de nition and 
Requirement Present status
Ellipsoidal heights h and (quasi)geoid heights N must be given with respect to the same ellipsoid, i.e. the same ellipsoid has to be used (1) for the transformation of geocentric coordinates into ellipsoidal coordinates, (2) as reference field for the solution of the geodetic boundary value problem, (3) for scaling global gravity models, etc.
-Different ellipsoid parameters (a, GM) are applied in geometry and gravity.
-h and N are given in different tide systems:
• Oceanography, satellite altimetry, levelling in mean tide system.
• ITRF positions, GRS80, some geoid models in tide free system.
• Some geoid models, terrestrial gravity data in zero tide system.
Physical heights H and (quasi)geoid undulations N must reflect the same reference surface, i.e. the geoid obtained from subtracting the height of the datum point (H 0 ) from the height of the other points (H p ) conforming the vertical reference frame shall be consistent with the geoid derived from gravity (solution of the boundary value problem).
-Orthometric heights H and geoid height estimations N after the boundary value problem are based on different orthometric hypotheses.
-H and N refer to different tide systems.
-Systematic errors over long distances in levelling reduce the reliability of (H p )-(H 0 ).
Physical heights H and ellipsoidal heights h must represent the same Earth's surface.
-H and h refer to different epochs, and in the most cases, dH/dt is unknown.
-Different reductions (for Earth-, ocean-, atmospheric tides, ocean and atmospheric loading, post-glacial rebound, etc.) are applied.
realisation of a global vertical reference system that ful ls the requirements mentioned above. The immediate objective of GGOS Theme 1 is starting the implementation of these aspects in practice, for that the activities to be faced at rst are (cf. GGOS 2020 Action Plans 2011 -2015 Under this umbrella, the present paper discusses some aspects to be considered in the rst two activities, i.e. the standardisation of the height system components and the adoption of a global vertical reference level W 0 .
Components of a global vertical reference system
Any vertical reference system is primarily given by a reference surface (i.e. the zero-height level) and a vertical coordinate (i.e. a height 
The corresponding vertical coordinates are then ellipsoidal heights and their change with time:
U 0 is univocally estimable as a function of the enclosed mass M (with homogeneous density), angular velocity ω, the dynamical form factor J 2 , and semi major axis a (see e.g. Heiskanen and
Moritz 1967, Eq. 2-61, 2-109 p. 67). At present, the IERS recommends the GRS80 ellipsoid (Moritz 2000) for geometrical coordinate conversions (Petit and Luzum 2010, p. 40) . Within the 'physical community' different reference ellipsoids are taken into account. For instance, the ellipsoid de ned by a = 6 378 136.3 m and 1/f = 298.257 is used in the gravity models EGM96 (Lemoine et al. 1998 ) and EGM2008 (Pavlis et al. 2012 ) while the GRS80 is utilised in the GOCE data analysis ( (Pail et al. 2010) , etc. This kind of inconsistencies is well-known within the geodetic community and they are usually removed before combining gravity and geometrical parameters. Nevertheless, we must keep in mind that GGOS shall be utilised by other disciplines different to Geodesy and it would be an unreasonable demand to request all the GGOS users to be familiarised with basic knowledge about geometrical and physical parameters of a reference ellipsoid and the transformation between different ones. In this way, even though the geometrical transformation from one ellipsoid to any other is not a problem, it would be convenient to introduce a conventional ellipsoid to be used in a common way for all geodetic (geometrical and physical) applications. In the last two decades, some discussions about replacing the GRS80 ellipsoid for a new one were carried out (e. g. Groten 2002 , Hipkin 2002 , Grafarend and Ardalan 1999 . Some of these proposals inclusively suggest the replacement of a by W 0 as de nition parameter in the computation of the reference ellipsoid (e.g. Burša et al. 2002 , Yurkina 1996 . Nonetheless, the main conclusion appointed to keep the GRS80 ellipsoid as the official one. Independently of the reference ellipsoid to be adopted as standard, it has to be a mean Earth ellipsoid, i.e. its de ning parameters M, ω, J 2 , a or W 0 must be close to the real values of the Earth. Its orientation and position with respect to the Earth's body shall be consistent with the de nition of the ITRS, i.e. its mean point (geometrical centre) has to coincide with the ITRS origin of coordinates [x = y = z = 0] (the geo-centre), its minor axis b has to coincide with the ITRS Z-axis, and its reference meridian (zero-longitude meridian) has to coincide with the IERS X-Y plane (Petit and Luzum 2010) . In the same way, the normal gravity/potential eld generated by this ellipsoid has to be introduced as reference eld in the solution of the geodetic boundary value problem for the determination of (quasi) The physical component of the vertical reference system has to be also given by a (physical) reference surface and a (physical) vertical coordinate. Normally, the primary coordinates are level differences, also called geopotential numbers, which are conventionally transformed into metric quantities like orthometric or normal heights. This procedure demands the introduction of the corresponding reference surface: the geoid for the orthometric heights, or the quasi-geoid for normal heights. If the de nition of the physical component is based on the geoid (orthometric heights), the required hypotheses about the internal Earth's mass distribution and the vertical gradient of the real gravity must be clearly explained within the de nition. If not, there will be as many vertical reference systems as applied hypotheses. In the same way, to get a univocally relationship between reference surface and vertical coordinates both, the geoid and the orthometric heights, have to be determined using exactly the same hypotheses to reduce the gravity values from the Earth's surface to the geoid and to estimate the mean gravity value along the plumb line. This must also be considered for geoid modelling based on satellite gravity data. In addition, anytime when the hypotheses change because our knowledge about the internal mass distribution is improved, the de nition of the vertical reference system shall accordingly be modi ed and its realisation has to be re-aligned to the improved de nition. with heights up to 4000 m. Orthometric reductions were calculated after Helmert (Heiskanen and Moritz 1967) , Ramsayer (1953 Ramsayer ( , 1954 , Baranov (Leismann et al. 1992) and Ledersteger (1956) . Normal reductions after Molodenskii (Leismann et al. 1992 ) are included for comparison. Data taken from Sánchez (2003) .
clear that every one of these orthometric height types requires a consistent geoid. Only one geoid cannot be the reference surface for all of them.
If the vertical reference system de nition is based on a quasi-geoid (with normal heights as vertical coordinates), it would be independent of hypotheses and worldwide consistent, but the quasi-geoid is not an equipotential surface inside the continental masses, i.e.
it does not have a physical meaning (Heiskanen and Moritz 1967, p. 109) . Thus, in order to formulate a consistent de nition, free of ambiguities, but correct from the theoretical point of view, the physical component of the global vertical reference system shall be based on geopotential quantities, i.e. the reference level must be a given W 0 value , Sánchez 2009 ):
and the vertical coordinates shall be geopotential numbers (and their variation with time) referred to this W 0 :
The transformation of the geopotential numbers into physical heights and the geometrical representation of the surface W 0 =const (geoid determination) will then be matter of the realisation. In this manner, inconsistencies (especially due to the orthometric hypotheses) reducing accuracy and reliability of the vertical reference system will affect its realisation, but not its de nition.
Referencing physical heights consistently
As already mentioned, the primary physical vertical coordinate is the potential difference between an arbitrarily selected reference surface (W 0 ) and the equipotential surface (W P ) passing through the point (P) of interest:
This difference is usually estimated by combining spirit levelling measurements with gravity values (e.g. Heiskanen and Moritz 1967, p. 162, Heck 2003, p. 281) :
being g the mean gravity value along the levelling line between two benchmarks, and dn the corresponding measured level difference. The availability of an increasing number of observables describing the Earth's gravity eld and surface enables the utilisation of a second approach based on the combination of the disturbing potential (T ) with a reference ellipsoid:
Here, (ϕ, λ, h) The improvement of the gravity eld modelling thanks to the recent gravity-dedicated satellite missions, especially GRACE and GOCE, open the opportunity to derive vertical coordinates by combining these models with an Earth-rotating geocentric reference system (such as the ITRS), i.e.:
being (V ) the gravitational potential and (Z ) the centrifugal potential (e.g. Torge 2001, p. 70) : Rapp 1997 , Tscherning et al. 1983 . To get an accuracy at the mm-level, it is necessary an expansion at least up to n, m = 2160, where the omission error would be about 0.002 m. The EGM2008 model (Pavlis et al. 2012 ) is the only model existing with this high-resolution. Nevertheless, numerical evaluations show that its accuracy in regions with dense terrestrial gravity coverage is about 10 cm while in poor covered areas it is 50 cm only (Pavlis et al. 2012) . In this way, potential differences derived using Eq. (9) would produce physical heights with an uncertainty at the dm-level. This is far away of the accuracy obtained from spirit levelling (Eq. 7), and therefore, the usage of Eq. (9) is still not suitable.
Another possibility for the determination of potential differences that begins to be considered is the comparison of clock frequencies ( f, f 0 ) of high-precision:
c is the speed of light. It is expected that a precision of (1×10 −17 s) measuring time allows geopotential differences with accuracy of about 10 cm. At this moment, the required technology is being improved and Eq. (12) is not applicable in practice yet.
In ocean areas, the determination of potential differences is based on the solution of equations of motion of the water masses (hydrodynamics). There are two basic models (Rummel and Ilk 1995, Kha d 1998) : the steric levelling assumes that the water is in hydrostatic equilibrium above some identi able, isobaric (reference) surface of no-motion, which coincides with an equipotential surface:
The input observables are hydrographical data: temperature (t), salinity (s) and pressure (p), which permit the estimation of the water density, i.e. ρ (t, s, p) . Since the no-motion surface does not coincide with the geoid, Eq. (13) is usually written as:
Here (K 0 , L 0 ) are assumed to be at the level of no-motion while (K , L) are located at the sea surface (Fig. 3) . If the geopotential difference (i.e. Eq. (13)) between the geoid and the point (K ) is known, the other levelling points can be referred to W 0 . The dynamic (or geostrophic) levelling assumes that the hydrostatic pressure on the sea surface is balanced by the Coriolis force per unit area (i.e. geostrophic equilibrium) and it is given by row (2001) . For the purposes of this article, the DOT at any point j (ϕ, λ, h) located at the sea surface can be written as (Fig. 4) : h s is the height of the satellite with respect to a reference ellipsoid; r j is the range measurement representing the distance between the satellite and the point j; N j , γ j and W j denote geoid undulation, normal gravity and gravity potential at j. Equation (16) Independently of the accuracy offered at present by the approaches above mentioned (Eqs. (7), (8), (9), (12), (14), (15) and (16)), all of them refer to any arbitrarily selected W 0 value, which in principle realise any equipotential surface. If we are intending to get consistency between these approaches, at least on land areas, i.e. (cf. Fig. 5 ):
it is necessary, either the utilisation (realisation) of a common W 0 value (i.e. geoid), or the precise knowledge of the discrepan-
i with respect to one and the same W 0 . This is especially important for the combination of physical heights derived from levelling and the corresponding obtained from GNSS positioning and gravimetric geoid models, methodology that nowadays is widely applied (e.g. Kotsakis et al. 2012 and Tenzer et al. 2011 ). In addition, if the reference level introduced on land areas has to be consistent with the reference level supporting the estimation of the DOT (as it is desired), both levels shall realise the same equipotential surface, de ned by only one W 0 value (cf. 
Selecting an appropriate W 0 realisation
The introduction of a W 0 value as reference level is useful to appoint which of the in nite equipotential surfaces of the Earth's gravity eld is selected as the zero-height surface. In general, the preferred equipotential surface is those coinciding, in the sense of the least squares, with the global mean sea surface in complete calm, i.e. the geoid (Gauss 1876, p. 32) . Since this condition cannot be satis ed due to different causes (e.g. existence of the continents, oceanic currents, atmospheric pressure effects, external Figure 5 . Reference levels on land areas depending on the input data and methods for the determination of vertical coordinates (potential differences).
gravity forces, etc.), the interpretation of this de nition (and with it the concept for the realisation of W 0 ) has been changed over the years depending on the geodetic observations and analysis strategies available for the geoid determination (e.g. Mather 1978 , Heck and Rummel 1990 , Ekman 1995 , Heck 2004 and assuming that the geo-centric coordinates of the tide gauge mark are known from GNSS positioning (e.g. Burša et al. 2001, Ardalan and Safari 2005) . These procedures can be adequate for local height systems, but their usage in a global vertical reference system presents following disadvantages:
a) The DOT at the reference tide gauge is totally neglected and the value W 0 i does not represent a global geoid.
b) The global realisation of the corresponding level surface depends on the accuracy of the vertical datum connection, especially of those height systems located at different continents.
Another strategy to stimate the W 0 reference value is to de ne it identical with the normal potential generated by a mean Earth ellipsoid:
This approximation was especially useful, when the Earth's gravity potential eld was not known with the resolution and precision as it is today. 
)] 2 = min;
δW (i) stands for the potential differences generated by the DOT at each reference tide gauge i. This approach requires measurements of the sea surface and the gravity eld on ocean and coastal areas in order to precisely determine the DOT around the tide gauges.
Since a pre-given geoid is necessary, this procedure has to be iterative. The main drawbacks here are:
a) The (marine and terrestrial) gravity data (like gravity anomalies or geopotential numbers) necessary for the computation of a high-resolution geoid model are given with respect to different reference levels. Thus, W 0 depends on the observables included in its computation.
b) The reliability of the satellite altimetry in shallow waters is very poor and the minimum condition presented in Eq. (20) cannot be satis ed with enough accuracy.
c) The addition or omission of any tide gauge demands the re-de nition of the reference level. Mather (1978) re ned the de nition of Lelgemann (1977) and suggests that W 0 shall correspond to that equipotential surface in relation to which the mean DOT at all reference tide gauges is zero. In the same publication, Mather (1978) introduced an "oceano- 
Empirical evaluations carried out by e.g. Burša et al. (2002) , Sánchez (2007) , Dayoub et al. (2012) are based on the computation of the potential values W j using a global gravity model (Eq. (10) + Eq. (11)) and the ellipsoidal coordinates (ϕ, λ, h) provided by mean sea surface models for those points j describing the geometry of the sea surface (cf. Fig. 4) . Dayoub et al. (2012) also propose the reduction of the sea surface models by a mean dynamic topography model (MDT) in order to get a sea surface closer to the geoid.
In this case, the coordinates of the points j are (ϕ, λ,
The applied MDT model is ECCO-2 (Menmenlis et al. 2008) , which is independent of pre-given gravimetric geoid models. In principle, DOT and MDT are representing the same, but here they are distinguish in such a way that, the rst one is derived from satellite altimetry in combination with a gravimetric geoid, and the second one is obtained from ocean circulation analysis. 
W 0 and the geodetic boundary value problem
The introduction of a W 0 value either for a local vertical datum or a global one, has been considered until now as irrelevant (e.g. Heck and Rummel 1990 , Rummel and Heck 2000 , Heck 2004 ) because (1) the reference level for the measured potential differences can arbitrarily be appointed, and (2) the direct determination of an absolute W 0 value from observational data is not possible. Regarding to the second point, similarly to the geometrical reference system (where coordinates are not directly measurable, but time intervals, distances, and directions) absolute geopotential values can be precisely estimated by introducing adequate constraints.
The main constraint is vanishing of the gravitational potential (V ) at in nity:
Rather than an absolute potential value, this condition allows the estimation of the potential difference between a point conventionally located at the in nity and the equipotential surface passing through the point of interest on or close to the Earth's surface (Rummel and Heck 2000) . Ful lling this condition is only possible in the frame of the geodetic boundary value problem and therefore, this frame is the most appropriate for the determination of "absolute" potential values like W 0 . This procedure additionally reduces the "arbitrariness" of the reference level; then the obtained W 0 value will be in agreement with the geodetic observations included for solving the boundary value problem, i.e.
(quasi)geoid determination. The scalar free boundary value problem in spherical and linear approximation (e.g. Sacerdote and Sansò 1986, Heck 1989 ) is the formulation most applied for the solution of the vertical datum problem. In this case, the so-called vertical datum parameter ∆W 0 is included as unknown together with the geometry of the boundary surface Σ and the gravity potential W :
Function g j represents the observational data (e.g. gravity anomalies, potential differences, de ections of the vertical, etc.) available to constitute the boundary conditions. ∆W 0 denotes the difference between the Earth's gravity potential W 0 and the normal potential U 0 introduced for the linearization of the boundary conditions (observation equations):
Compare Eq. (25) with T 0 in Lehmann (2000) , δW in Sacerdote and Sansò (2004) , ∆ŵ in Heck and Rummel (1990) . W 0 is unknown, but it is implicitly included in the observables building the boundary conditions, especially in the geopotential numbers and physical heights used for the estimation of gravity anomalies. Since these observables do not refer to only one vertical datum, there shall be as many ∆W 0 parameters as existing i datums (W 0 i ) (Fig. 6) :
and Eq. (24b) can be written as:
Equation (27) means that the boundary surface Σ is split in i unconnected regions (Sacerdote and Sansò 2004) . If they were connected (for instance by means of spirit or geostrophic levelling), 
Compare Eq. (28) with C Q i0 in Rummel and Teunissen (1988) and follow-on publications, e.g. Heck and Rummel (1990) , Xu and Rummel (1991), van Onselen (1997) . In this way, Eq. (27) would become:
The unknowns δW 0 i do not only appear when gravity observables referring to different local datums are considered. They also are present when different kind of observations referring to different levels are included, although they are on the same area, for example in the combination of equations (7), (8) and (9) on land ( Fig. 5) , or the combination of equations (14), (15) and (16) on ocean areas ( Fig. 3 and 4) .
The use of the boundary conditions given by Eq. (24b), Eq. (27) or Eq. (29) assumes that the horizontal coordinates of the observations are given in the conventional terrestrial reference system (i.e. ITRS). If they refer to local geodetic datums, the boundary conditions must be adequately modi ed to take into account the effect of the discrepancies between the horizontal datums on the unknowns (e.g. Usai 1995, Sansò and Venuti 2002 ).
The terms ∆W 0 i (or δW 0 i if preferred) shall re ect the height datum discrepancies only. Therefore, the boundary value problem in all vertical datums must be solved by introducing (cf. Table 2) (1) the same reference surface and reference gravity potential eld (preferably those of the conventional ellipsoid, i.e. GRS80) Figure 7 . Vertical datum parameters by connected height systems.
in the linearization, and (2) the same global gravity model derived from satellite-only observations for modelling the long wavelength component of the Earth's gravity eld. With the same purpose, the solution of the boundary value problem must follow the Molodenskii's theory, concretely in continental areas; otherwise, uncertainties in the required assumptions for the classical approach (the geoid determination) can be misinterpreted as vertical datum inconsistencies. Once the quasi-geoid is properly determined, it can be transformed into a geoid (if it is wanted) by introducing the desired hypothesis. On ocean areas, the multiple vertical datum dependence of the boundary value problem can be avoided, if only one kind of data is used to formulate the boundary condition on Σ (Eq. (24b), Eq. (27) or Eq. (29)). For instance, by applying exclusively satellite altimetry data and satellite-only global gravity models, we would have only one ∆W 0 i (i = 1) and the corresponding W 0 obtained from Eq. (26) can be assumed as a the global reference level (Sánchez 2008) . In this case, the function g j in Eq. (24b) corresponds to the gravity disturbance
at the sea surface, and the boundary condition takes the form From this section, we can conclude that there are two basic formulations for the introduction of a uni ed reference level: the rst one recommends the adoption of an existing reference level, i.e. the vertical datum of any already established local height system; while the second one proposes the determination of an "absolute" reference level, i.e. independent of the existing local vertical datums. In the rst case, de nition and realisation of a "absolute" vertical datum is considered not important, since the fundamental vertical coordinates are level differences and the starting value to convert these differences in "absolute" values can arbitrarily be selected (e.g. Heck and Rummel 1990 , Rummel and Heck 2000 , Heck 2004 ). Here it is assumed that the reference level is already realised and the most important task is the connection of the existing height systems with that selected as absolute reference, especially height systems located in different continents (e.g. Rummel and Teunissen 1988 , Xu and Rummel 1991 , Rapp and Balasubramania 1992 , Rummel and Ilk 1995 . In this formulation, the scalar free boundary value problem is widely applied. In the case of an absolute vertical datum, the primary step is to de ne a global reference surface (datum) assumed to be available over the world. The next task is its realisation, which includes the connection of the existing local height systems (e.g. Balasubramania 1994 , Rapp 1995a . Sánchez (2008 Sánchez ( , 2009 proposed to reach the rst objective (realisation of the global reference level) by applying the fixed boundary value problem on ocean areas and the second one (connection of the local height datums to the global one) by solving the scalar free boundary value problem.
Current W 0 estimates
Again, we have to mention that any W 0 reference value can be appointed for the determination of vertical coordinates (cf. Heck and Rummel 1990 , Rummel and Heck 2000 , Heck 2004 Divergences between the estimations are basically generated by the applied methodologies and the input models representing the Earth's gravity eld and the sea surface. For instance, the computations carried out by Burša et al. (e.g. 1998a Burša et al. (e.g. , 2001 Burša et al. (e.g. , 2002 Burša et al. (e.g. , 2007a are based on sea surface models derived by themselves from Topex/Poseidon and Jason 1 data. Čunderlí and Mikula (2008 ), Sánchez (2007 and Dayoub et al. (2012) apply models already published by other specialists, e.g. GSFC00.1 (Koblinsky et al. 1999 Best fitting ellipsoid for the T/P mean sea surface Rapp et al. (1991) 856.88 Best fitting ellipsoid for the T/P mean sea surface Rapp (1995b) 854.18 Best fitting ellipsoid for the DNSC08 mean sea surface Dayoub et al. (2012) ∫ S DOT 2 ds = min; DOT = W 0 −W j γ j 856.5 ± 3 Mean sea surface: GEOSAT, Gravity model: GEM-T2 Burša et al. (1992) 857.5 ± 1 Mean sea surface: GEOSAT, Gravity model: JGM-2 Nesvorný and Šíma (1994) 855.8 ± 0.50 Mean sea surface: ERS1 + T/P (10.1992 -12.1993) minus MDT: POCM 4B, Gravity model: EGM96 Burša et al. (1997) 855.72 ± 0.50 Mean sea surface: T/P (1994 -1996) minus MDT: POCM 4B, Gravity model: EGM96 Burša et al. (1998a) 855.611 ± 0.008 Mean sea surface: T/P (1993) (1994) (1995) (1996) , Gravity model: EGM96 Burša et al. (1998b) 856 . models derived from calibrated and combined satellite altimetry observations, etc.). For this, JWG 0.1.1 will take into account recommendations given by the different IAG components in the respective eld of speciality (Fig. 8) . This analysis shall also include an investigation about the time- The on-going activities are summarized in Table 4 . This article provides an inventory about the existing W 0 estimations and it shall be understood as a very rst result of this working group. A report about the following activities and the corresponding achievements will be included in a forthcoming paper. 
